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Reversible turn-on fluorescent Cu(II) sensors: rather dream than 
reality? 
Enrico Falcone, a Angélique Sour, a Vincent Lebrun, a Gilles Ulrichb, Laurent Raibaut *a and Peter 
Faller *a
Reversible turn-on fluorescent sensor of Cu(II) are of high interest 
for biological studies.  We re-investigate a reported sensor, 
showing that turn-on occurs via irreversible Cu(II)-induced sensor 
oxidation only in presence of acetonitrile. This prevents its 
application for biological studies and highlights the challenge of 
establishing a reversible Cu(II) turn-on sensor.   
Copper is an essential metal ion for most living organisms, since 
it is implicated in different biological functions, mainly as 
catalytic cofactor in enzymes such as Cytochrome-c Oxidase 
(COX), Superoxide Dismutase 1 (SOD1) or Tyrosinase. As 
loosely-bound Cu can also be toxic, Cu is always bound to 
biomolecules, mainly proteins. Cu-shuttles and trans-
membrane Cu-transporters assure the Cu-homeostasis and the 
incorporation of Cu into the enzymes. Intracellularly, Cu is 
mainly in its reduced state Cu(I), essentially due to the high 
concentration of thiols, whereas extracellularly, Cu is mostly in 
its oxidized state Cu(II).1–3 In order to understand Cu 
homeostasis and its implications in several diseases, Cu-sensors 
able to monitor Cu fluctuations are of utmost importance.4 Due 
to the general high affinity of Cu(I) and Cu(II) to proteins, free 
Cu(I) and Cu(II) is very low. To monitor changes in copper levels, 
it is necessary to design probes that can compete with 
endogenous ligands for copper binding. Moreover, such sensors 
can only detect exchangeable pools, i.e. kinetically labile pools 
in the time frame of the experiment. Inert Cu-pools, such as 
well-buried Cu in a protein, are not accessible. Increasing 
evidence suggests that cells also maintain an exchangeable pool 
of Cu(I) that is buffered at low attomolar levels.5  Cu(II) in the 
blood exists also in different pools. Most Cu is inertly bound to 
Ceruloplasmin (Cp). The exchangeable pool, including serum 
albumin, is minor and likely buffered around femtomolar 
levels.6 To detect changes in the exchangeable Cu-pools, the 
fraction of Cu bound to the sensor has to undergo a significant 
change. Thus, the sensor has to be at comparably low 
concentration, limiting detection of Cu sensors mainly to 
fluorescence. Generally, sensors based on fluorescence turn-on 
are preferred to turn-off, since the latter can also occur by other 
mechanisms like degradation of the fluorophore or inner filter 
effect. During the last decades, turn-on fluorescent sensors for 
Cu(I) became a very active field, and now several turn-on 
sensors for Cu(I) with different Cu(I) affinities were reported in 
the literature and applied to biological studies.5,7–9 In contrast, 
turn-on fluorophores for Cu(II) sensing are very challenging, as 
the paramagnetic Cu(II) generally quenches fluorescence,10 
whereas turn-off Cu(II) sensors are easy to design and several 
examples can be found in the literature.11 A successful strategy 
applied to develop turn-on Cu(II)-sensors is based on the 
occurrence of a chemical reaction, i.e. Cu(II) reaction with a pre-
fluorophore, also called chemodosimeter, that becomes 
fluorescent after the reaction.8,12–18 However, these reactions 
are normally not reversible, and hence Cu(II) can be measured 
at only one time-point, preventing the monitoring of Cu 
fluctuation over time.  Despite the challenges of making a 
reversible turn-on Cu(II) sensor, about fifteen examples have 
been reported in the literature,19–34 most of which are Schiff 
bases or hydrazones (Table S1) that have been suggested to 
work through unspecified Chelation Enhanced Fluorescence 
(CHEF) and/or via removal of the Photoinduced Electron 
Transfer (PET), which quenches the fluorescence of the apo-
ligand.35  
Due to our interest in turn-on Cu(II) sensors for biological 
applications, we aimed to use such type of sensors. To start 
with, we chose the compound 2-(2-(pyren-1-
ylmethylene)hydrazinyl)pyridine, PHP (Fig. 1),31 as a case study 
and we re-investigated it. First of all, we repeated the 
experiment reported in the literature for PHP. The changes in 
absorption and fluorescence spectra induced by Cu(II) addition 
to PHP in MeCN:HEPES 25 mM 1:1 were examined. In line with 
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the previous study, the addition of Cu(II) causes the gradual 
decreasing of the PHP band at 387 nm and the simultaneous 
appearance of a band at 346 nm (Fig. 2A), which gives rise to a 
fluorescence enhancement (Fig. 2B). This blue-shift has been 
suggested to be due to the binding of Cu(II) to the two nitrogen 
(Fig. 1, red) to form a 5-membered metallacycle.  However, the 
observation that the spectral changes upon Cu(II) addition take 
time to be accomplished (Fig. 2B, inset) does not seem 
consistent with Cu(II) being a labile ion with very fast binding 
kinetics, in particular to bidentate ligands. Moreover, in 
contrast to what has been reported, the process reveals not to 
be reversible when ethylenediaminetetraacetic acid (EDTA), a 
very strong Cu(II) chelator, is added to the mixture (Fig. 2A,B). 
These observations are more consistent with the development 
of an irreversible chemical reaction than with Cu(II)-binding to 
a ligand. It is well established that MeCN is able to stabilise Cu(I) 
and facilitate Cu(II) reduction. Thus, we repeated the same 
experiments using DMSO instead of MeCN. Addition of Cu(II) to 
PHP in DMSO:HEPES 25 mM 1:1 does not induce the formation 
of the peak at 346 nm, although the intensity of the band at 387 
nm decreases (Fig. 2A, inset). Therefore, MeCN seems to be 
necessary in order for the reaction to occur. These results 
pointed towards the involvement of Cu(II) reduction to Cu(I). To 
address this point, we used the Cu(I) specific chromophore 
bathocuproinedisulfonate (BCS).36 Indeed, the addition of BCS 
to PHP and Cu(II) in MeCN:HEPES 25 mM 1:1, led to the 
appearance of a band at 483 nm due to CuI(BCS)2 (Fig. 3A). This 
supports that Cu(II) reacts with PHP and Cu(I) is formed. As a 
control experiment, we added Cu(I) to PHP in MeCN. No 
reaction was observed with Cu(I), in contrast to Cu(II) (Fig. 3B), 
indicating that the increased fluorescence observed by adding 
Cu(II) to PHP in the presence of MeCN, is not due to the mere 
presence of Cu(I). Hence, the reduction of Cu(II) to Cu(I) is 
required in order for the reaction to take place. Thus, we 
investigated whether PHP undergoes chemical modification, 
specifically oxidation, in parallel to Cu(II) reduction. HPLC 
analysis before and after addition of Cu(II) indeed showed the 
disappearance of PHP and the formation of a few products (Fig. 
4A). Peak 1 (tel = 17 min) contains a compound, hereafter called 
oxPHP, with a molecular mass compatible with a 2H+/2e– 
oxidation process (m/z ([PHP+H]+) = 322.1344, m/z 
([oxPHP+H]+) = 320.1182, Fig. S1). Besides, the extracted UV-vis 
absorption spectra for each peak of the HPLC-DAD 
chromatogram (Fig. 4B) show that oxPHP exhibits the most 
similar spectrum to the one obtained after addition of Cu(II) to 
PHP (Fig. 1A and 4A, red lines). Furthermore, the excitation 
spectrum (λem = 385 nm) of PHP after addition of Cu(II) (Fig. 4B, 
light blue, dotted line) corresponds well to the absorption 
spectrum of oxPHP. This finding clearly suggests that oxPHP, the 
main product of PHP modification by Cu(II) based on HPLC, is 
mainly accountable for the spectral changes observed and the 
fluorescence enhancement induced by Cu(II). Therefore, the 
fluorescence enhancement of PHP by Cu(II) is due to the 
formation of an oxidized product, oxPHP. This explains why (i) 
the reaction is not fast, i.e. not terminated after mixing, (ii) it is 
not reversible upon addition of the strong Cu(II) chelator EDTA, 
(iii) PHP specifically detects Cu(II) despite being a non-specific 
Cu(II) ligand. In order to further characterize the fluorophore 
oxPHP, 1H NMR analysis (Fig. 5A) performed after purification 
by preparative Thin Layer Chromatography (TLC) showed the 
loss of the two protons of the hydrazone group (Fig. 5B, red). 
This suggests the formation of a triazole ring by the binding of 
pyridine nitrogen to the hydrazone carbon (Fig. 5B). Indeed, it 
has been reported that such 1,2,4-triazolo[4,3-a]pyridines can 
be produced by the reaction of hydrazones with Cu(II),37 and 
various 1,2,4-triazolo[4,3-a]pyridines have been specifically 
built via Cu-catalysed direct C–H (hetero)arylation to obtain 
deep-blue-emitting fluorophores.38 In addition, previous works 
established that fluorescence turn-on can be achieved by Cu-
mediated oxidative cyclisation of thiosemicarbazone,39 azo-
anilines,16 and N-acylhydrazones.15,40 In this context, it is worth 
noting that NMR experiments reported in the literature to 
prove Cu(II) binding to the sensors through peak broadening 
Fig. 1. Proposed Cu(II) binding to PHP via two nitrogen atoms (red) forming a 5-
membered metallacycle (square-planar coordination is likely completed by ligands X ) 
Fig. 2. Reaction of PHP with Cu(II) monitored by A) absorption spectroscopy in 
MeCN:HEPES 25 mM 1:1 or DMSO:HEPES 25 mM 1:1 (inset) and by B) fluorescence 
spectroscopy (λex= 346 nm) in MeCN:HEPES 25 mM 1:1. Inset: time-dependent increase 
of the fluorescent intensity at 385 nm upon addition of Cu(II). Conditions: A) 20 µM PHP, 
25 µM Cu(II), 40 µM EDTA; B) 10 µm PHP, 20 µM Cu(II), 20 µM EDTA. 
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could have been misinterpreted, neglecting the possibility that 
changes arise from chemical modifications.  
In the present work, we provide strong evidence that the Cu(II)-
induced increase of PHP fluorescence is due to the formation of 
a more fluorescent compound by oxidation of PHP by Cu(II) 
(likely via an oxidative cyclization). Thus, PHP cannot act as a 
reversible fluorescent Cu(II) sensor. It is, at best, a sacrificial 
sensor of Cu(II). However, the reactivity is driven by a strong 
stabilizer of Cu(I), acetonitrile. Indeed, the Cu(II) sensor did not 
work when another solvent was used. This restricts enormously 
the application of such a sensor for biological applications, as 
such high MeCN concentrations are not physiological. Thiols, 
such as glutathione (GSH), are highly abundant in cells and 
known to stabilize Cu(I) by thiolate-Cu(I) bonds. However, GSH 
reduces Cu(II) very efficiently to Cu(I) and hence prevents the 
oxidation of PHP by Cu(II). Indeed, no oxPHP was observed by 
adding 5mM GSH to Cu-PHP (Fig. S2). Although we showed this 
mechanism of sensor oxidation by Cu(II) in the presence of 
MeCN only for PHP here, it is very likely that it applies also to 
the other alleged reversible turn-on Cu(II) sensors based on azo-
compounds (see Introduction). Indeed, investigations of these 
articles showed that the measurements were classically done in 
MeCN, reactions often were slow and reported to be  reversible 
only in few cases (Table S1). Moreover, very recently Wei et al. 
reported a hydrazone-type sensor called PHC, in which Cu(II) 
induces imine oxidation producing a highly fluorescent 
compound. The reaction was completed after 30 min at pH 
7.4.41 So we propose that in developing a reversible turn-on 
fluorescent Cu(II) sensor, it is important to assess that the Cu(II)-
induced fluorescence enhancement (i) is reversible by adding a 
strong Cu(II) ligand (in cases of very strong sensors, reducing the 
pH might help de-coordinate Cu(II)), (ii) occurs also in the 
absence of MeCN or other Cu(I) stabilizing solvents (ideally in 
aqueous solutions if biological applications are aimed for), (iii)  
is fast, otherwise this could suggest that a redox process is 
occurring. Hence, careful examination of the mechanism is 
important: for instance, HPLC analysis of the sensor before and 
after the addition of Cu(II) is recommended. Furthermore, an 
unjustifiably specific response for Cu(II) also should be 
suspicious and suggest a redox-based process: indeed, in the 
case of bidentate non-amidic ligands, there is no reason why 
other metals (such as Zn(II), Ni(II), etc) are not able to bind to 
the same lone pair as Cu(II) and induce a similar fluorescence 
response; however, their oxidation properties are very 
different. Finally, this work also shows the complexity of 
designing a reversible turn-on Cu(II)-sensor. Cu(II) is 
paramagnetic and generally quenches fluorescence. Thus, 
despite the importance of a Cu(II) turn-on fluorescence sensor 
for Cu(II) monitoring, mainly extracellularly, we are at the dawn 
of this challenging field. 
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Fig. 3. Evidence that the reaction involves Cu(II) reduction to Cu(I).  A) Appearance of the 
band at 483 nm reveals the formation of CuI(BCS)2 upon addition of the specific Cu(I)-
chelator BCS; B) the addition of Cu(II) but not Cu(I) to PHP in MeCN induces the 
appearance of the band at 346 nm responsible for the fluorescence enhancement. 
Conditions: A) 20 µM PHP, 25 µM Cu(II), 100 µM BCS in MeCN:HEPES 25 mM 1:1; B) 20 
µM PHP, 20 µM Cu(II) or 20 µM Cu(I) in MeCN.
Fig. 4.  A) HPLC analysis (λdet = 345 nm) of PHP before (black) and after (red) reaction with 
Cu(II) in MeCN; B) Extracted absorption spectra of HPLC peaks 1-6 and excitation 
spectrum (λem = 385 nm) of PHP after addition of Cu(II) (light blue, dotted line).
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Fig. 5. A) 1H-NMR of PHP (black) and oxPHP(orange) in DMSO- d6. The signals of the H 
atoms in the hydrazone group (δNH = 11.09 ppm and δCH = 9.13 ppm) of PHP (dashed 
lines) disappear upon reaction with Cu(II). B) Hypothesis on the reaction occurring 
between PHP (black) and Cu(II), with the loss of two protons (red) and the formation 
of 3-(pyren-1-yl)-1,2,4-triazolo[4,3-a]pyridine (oxPHP, orange).
